Abstract-In this paper, a novel compact hexagonal shaped ultra-wideband multiple-input multipleoutput (UWB-MIMO) Koch fractal antenna is designed with penta-band rejection characteristics for portable devices. The antenna rejects the C-band downlink frequency from 3.7-4 GHz, the C-band uplink frequency from 5.75-6.05 GHz and the satellite bands from 7.45 to 8.4 GHz. The band 7.45-7.55 GHz is used by the meteorological satellite service for the geostationary satellite services. The band 7.75-7.9 GHz is used by the meteorological satellite service for non-geostationary satellite services. The band 8. 025-8.4 GHz is used by the Earth exploration satellites for geostationary satellite services. The C-band and satellite bands interfere with the UWB and have been rejected using a band reject filter. A spiral shaped slot is introduced inside the fractal hexagonal monopole to introduce band reject characteristics. The band suppression and widening of the impedance bandwidth are achieved by using defected ground structures. The antenna has wideband impedance matching with S 11 < −10 dB in the UWB frequency range from 3.1 to 13.6 GHz and has a low mutual coupling with S 21 < −19 dB. The antenna has very low envelope correlation coefficient of less than 0.17 and low capacity loss of 0.254, which proves that the MIMO antenna shows good diversity performance.
INTRODUCTION
In recent years, as the demand for applications using high data rate is increasing, Ultra Wide Band (UWB) is becoming an important area of interest. The main reason considered for UWB technology is its high data rate and low power requirements. Moreover, unlicensed frequency that ranges from 3.1 to 10.6 GHz has been allocated by Federal Communication Commission (FCC). However, the main disadvantages of UWB are its limited channel capacity and short communication. These limitations can be overcome by using Multiple Input Multiple Output (MIMO) technology [1] . The advantages of using MIMO is the increased channel capacity and the overall transmission range for the same power requirements as it uses multiple antennas in the transmitter and receiver sides [2] .
Presently, the Wireless Personal Area Network (WPAN) and Wireless Body Area Network (WBAN) use UWB-MIMO technology due to high data rate. However, the main disadvantage of MIMO technology is its large mutual coupling which is introduced due to the presence of multiple antennas [3] . The signal correlation among the propagating paths also increases which consequently reduces the channel capacity and diversity gain. The coupling between antenna elements can be reduced by maintaining a distance of half wavelength. However, due to the need for miniaturization of the antenna, the space between the antenna elements is limited. Parasitic elements [16] and neutralization lines [18] are introduced to improve isolation. Defected ground structures (DGS) are widely used in UWB antennas to improve isolation [4, 5] .
In [3] , a MIMO antenna uses hybrid Quadric-Koch island fractal geometry, but no isolation techniques are used between the antenna elements, and the antenna occupies a large area. However, as the distance between the antenna elements is small, the mutual coupling between the antenna elements is less than 17 dB. In [6] , a fractal MIMO antenna is proposed with a T-shaped stub placed between the antenna elements to improve the isolation. The isolation obtained is greater than 15 dB, but the coupling between the antenna elements is higher in the lower frequency band. In [7] , a MIMO antenna uses Koch fractal geometry at the edges of an octagonal monopole, but the size of the antenna is large. Isolation is improved by placing stubs between the antenna elements, and the isolation obtained is greater than 17 dB. In [8] , a UWB antenna with Koch fractal geometry designed on the sides of a hexagonal monopole is proposed. However, band-notch characteristics are not obtained in the above geometry. In [9] , a UWB MIMO antenna with Minkowski fractal geometry is proposed. To improve the isolation, an L-shaped stub is introduced between the antenna elements, but the isolation between the antenna elements decreases due to the introduction of a defected ground structure. In [10] , an I-shaped slot acting as a defected ground structure is introduced where the size of the antenna is 26×26 mm 2 . The isolation between the antenna elements is greater than 15 dB, and the peak gain of the antenna is 4.5 dBi. In [11] , an antenna of size 22 × 26 mm 2 is proposed, and the isolation between the antenna elements is greater than 18 dB. In [12] , a square monopole of size 22×36 mm 2 is proposed, and the isolation between the antenna elements is greater than 15 dB. The gain of the antenna is 4 dBi. Compared to the antenna structures in [10] [11] [12] , the introduction of Koch fractal geometry improves the gain of the antenna, and the isolation between the antenna elements is also improved due to the presence of a defected ground structure in the ground plane.
As the requirement of miniaturized, wideband antennas is increasing, the research is being directed towards fractals [22] . Using fractal geometry in antennas improves the radiation efficiency while keeping the radiation resistance high and the stored reactive energy low [23] . The main advantage of fractal antennas are frequency independent performance. However, the disadvantages of fractal antennas are their complexity. These antennas are highly useful in the military, as they can reduce radar cross section (RCS).
In this paper, a novel compact Koch Fractal UWB MIMO antenna is designed and developed. The antenna band rejects the downlink C-band from 3.7 to 4.2 GHz, the uplink C-band from 5.75 to 6.05 GHz, the meteorological satellite service frequency band from 7.450 to 7.550 GHz for the geostationary satellite services, the meteorological satellite service from 7.750 to 7.9 GHz for the non-geostationary satellite services and the Earth exploration satellite services from 8.025 to 8.4 GHz for the geostationary satellite services. The CST Microwave Studio is used for design and simulations. The simulated results are verified by fabricating the antenna and measuring the results.
The rest of the paper is structured as follows. Section 2 gives the detailed analysis of fractal antennas. The effects of the defected ground and the spiral slot on the UWB MIMO antenna are also discussed in this section. Section 3 discusses the simulated and measured results, and Section 4 concludes the major findings.
PROPOSED ANTENNA DESIGN

Antenna Configuration
The antenna is designed on an FR4 substrate with dimensions 22 × 32 mm 2 and thickness 1.6 mm. The relative permittivity ε r of the FR4 substrate is 4.4, and the loss tangent tan δ is 0.02 [15] . The proposed UWB-MIMO antenna meets the advantages of the uni-planar antenna. The electromagnetic simulation software, CST Microwave studio was used to design and optimize the antenna structure. The geometry of the inside cut Koch Fractal UWB-MIMO antenna is as shown in Fig. 1 . The top layer of the UWB-MIMO antenna which consists of two symmetrically placed Koch fractal hexagonal monopole antenna elements is shown in Fig. 1(a) , and the bottom layer which consists of a partial ground with a ring structure which acts as a defected ground structure [10] is shown in Fig. 1(b) . The fabricated configurations of the antenna are as shown in Fig. 2 . The top layer of the fabricated antenna is as shown in Fig. 2(a) , and the bottom layer of the fabricated antenna is as shown in Fig. 2(b) . Microstrip line feeding technique is utilized to feed the antenna elements. The parameters of the antenna are given in Table 1 .
Koch fractal geometry when being applied to the hexagonal monopole increases the electrical path length. It also decreases the resonant frequency which is a direct function of the limit in the increase 
of the antennas' effective volume [20] . Miniaturization phenomenon [21] and wideband properties are obtained by applying the geometrical principles of Koch fractal to the sides of the hexagonal monopole. Fig. 3 gives the repetitive generation of the Koch fractal geometry. In the first iteration, consider a length of dimension A as shown in Fig. 3(a) . In the second iteration, length A is divided into three equal parts, and the middle part is formed as a combination of two equal parts as shown in Fig. 3(b) . The third iteration further divides each length A/3 into 3 equal parts as shown in Fig. 3(c) . The process is repeated in consecutive iterations. The Koch fractal geometry is placed along the sides of the hexagon, and the iteration is applied to the sides of the hexagon to form the Koch fractal hexagonal monopole till the third iteration. The S 11 reflection coefficient obtained as the antenna evolves is as shown in Fig. 4 . Using a partial ground plane improves the bandwidth of the antenna, and a rectangular slot is also created in the ground plane to increase the current path and to further widen the bandwidth of the UWB-MIMO antenna. The UWB is obtained by combining the multiple resonances that are formed within the frequency range The antenna rejects the C-band downlink frequency from 3.7-4 GHz, the C-band uplink frequency from 5.925-6.25 GHz and the satellite bands from 7.45 to 8.4 GHz. The band 7.45-7.55 GHz is used by the meteorological satellite service for the geostationary satellite services. The band 7.75-7.9 GHz is used by the meteorological satellite service for non-geostationary satellite services. The band 8.025-8.4 GHz is used by the Earth exploration satellites for geostationary satellite services. UWB technology is not compatible with radio astronomy service.
Effect of Defected Ground Structure
To reduce the mutual coupling between antenna elements, a ring structure is placed in the ground. The ring structure behaves as a defected ground structure, and it reduces the mutual coupling between antenna elements by behaving as a band reject filter.
The main advantages of the defected ground structure are that it is useful in miniaturizing the size of the antenna and improves the bandwidth of the antenna. The bandwidth of the antenna is widened by 0.22% after introduction of the ring structure. The surface current distribution of the antenna with port 1 excited, and the presence of defected ground structure is as shown in Fig. 5 . There is cancelling of current at the edges of the spiral slot which leads to introduction of the band notch at the downlink C-band frequency and at the uplink C-band frequency as shown in Fig. 5(a) . From Fig. 5(b) , the introduction of the partial ground, the defect in the ground and the addition of the ring structure reduce the coupling to the adjacent antenna element.
The surface current distribution at 6.8 GHz is shown in Fig. 5(c) , and the surface current distribution at 8.6 GHz is shown in Fig. 5(d) . The introduction of the partial ground, the defect in the ground and the ring structure reduce the coupling between the antenna elements.
Effect of Spiral Slot in the Antenna
The presence of the slot widens the bandwidth of the antenna by 0.15%. It also introduces notches at the C-band downlink frequency and C-band uplink frequency band. The lower frequency of operation of the spiral slot is obtained when the circumference of the spiral and the wavelength are equal
The upper frequency of operation of the spiral slot is obtained when the inner radius is considered
RESULTS AND DISCUSSION
The simulated and measured reflection coefficients, S 11 , of the antenna are as shown in Fig. 6(a) . There is good agreement between the simulated and measured values. The variation of the measured values from the simulated reflection coefficient values is 0.315%. This is because of the losses due to the connector and the losses due to soldering tolerance. The bandwidth of the UWB-MIMO antenna is from 2.3 GHz to 2.7 GHz with a fractional bandwidth of 16% and from 3.1 GHz to 13.6 GHz with a fractional bandwidth of 125%. The S 11 and S 22 of the antenna are identical, which shows that the antenna is symmetrical. The resonant frequency bandwidth from 4-5.75 GHz is 35.8%, from 6.05-7.4 GHz is 20%, and from 8.3-13.6 GHz is 48%. The mutual coupling of the antenna given by S 21 of the antenna is obtained as less than 19 dB, seen from Fig. 7(b) . The S 12 and S 21 of the antenna are also identical.
Equivalent Circuit of the Antenna
Useful insights regarding the performance of the antenna can be obtained from the equivalent circuit using the foster canonical form assuming no ohmic losses. For a UWB antenna, large bandwidth is due to the overlapping of several adjacent resonances and can be represented as serially connected parallel RLC circuits [13] . This is obtained by transforming the resonant peaks of the simulated input impedance of reference UWB antenna into the equivalent parallel RLC resonant circuit. C 0 and L 0 account for the static antenna capacitance and probe inductance [13] . The band-notched functions are realised according to conceptual circuit model by connecting the antenna input impedance with either a parallel or a series R-L-C resonant circuit depending on the impedance characteristics at the notched frequency [14] . The real part of the input impedance of S 11 of the UWB MIMO antenna is shown in Fig. 7(a) , and the imaginary part is shown in Fig. 7(b) . From the real part of input impedance of S 11 from Fig. 7(a) , it can be seen that the antenna peaks are at 3.5 GHz, 4.1 GHz, 5.3 GHz, 6.3 GHz, 8.2 GHz, 9.3 GHz and at 10.3 GHz in the UWB, and each frequency is represented as a parallel RLC circuit connected in series and the antenna band notches at 3.82 GHz, 5.9 GHz and 7.9 GHz. Each frequency is represented as a series RLC circuit connected in parallel. From the imaginary part of the simulated impedance graph of Fig. 7(b) , it can be seen that for the notch bands at 3.82 GHz and 5.9 GHz, the imaginary component crosses zero, changing from capacitive to inductive, and for the notch bands at 7.9 GHz, the imaginary component is inductive with low resistance values, showing similar behavior of a series RLC circuit. Fig. 8 represents the equivalent circuit of the proposed UWB MIMO fractal antenna.
(a) (b) The parameters of the resistors, capacitors and inductors in the equivalent circuit are as shown in Table 2 and are obtained using Foster canonical forms. The parallel RLC network acts as a band-pass filter, thus creating a resonance, and the series RLC network acts as a band-reject filter, thus rejecting the required frequency. A combination of the series RLC network and the parallel RLC network gives the desired UWB. 
Radiation Characteristics
The radiation pattern of the antenna at port 1 when port 2 is matched to a 50 Ω load at the frequencies 4.6 GHz, 6.8 GHz and 8.6 GHz is as shown in Fig. 9 . The radiation characteristics at 3.6 GHz are as shown in Fig. 9(a) , at 6.8 GHz in Fig. 9(b) and at 8.6 GHz in Fig. 9(c) . The radiation characteristics are enhanced due to the Koch fractal geometry [19] . The gain of the antenna is improved due to the radiation characteristics of the antenna. The gain of the antenna is as shown in Fig. 10 . At the notch band it can be seen that there is a loss in peak gain.
Diversity Performance
The envelope correlation coefficient (ECC) and diversity gain (DG) are used to characterize the diversity performance of the antenna. ECC is calculated in a uniform propagation environment according to the (a) (b) (c) Figure 9 . The elevation and azimuth at (a) 4.6 GHz (b) at 6.8 GHz and at (c) 8.6 GHz. given formula [17] 
For the antenna to have good diversity performance, the ECC of the antenna should be less than 0.5. The proposed Koch fractal UWB-MIMO antenna satisfies the diversity conditions as its value is less than 0.3 as shown in Fig. 11(a) . The value of ECC increases at the notch frequency bands. In addition, the diversity gain (DG) is greater than 9.8 dB as seen from Fig. 11(b) , and its relation with ECC is as follows [4] :
The capacity of the channel in a wireless environment is calculated as a function of the radiation characteristics of the antenna elements and the channel environment.
Correlation between the antenna elements decreases the MIMO capacity, and it induces a capacity loss. For a high SNR, the capacity loss is given by C(Loss) = − log 2 det ϕ where ϕ R is a 2 × 2 correlation matrix
where ρ ij is the correlation coefficient between the antennas i and j in an N × N MIMO antenna. The capacity loss of the antenna is calculated to be 0.256 which is less than the accepted value of 0.4 b/s/Hz. A comparison of the proposed antenna with the UWB MIMO antennas from the literature is given in Table 3 . 
CONCLUSION
A novel compact miniaturized hexagonal shaped ultra-wideband multiple-input multiple-output (UWB-MIMO) antenna with a Koch fractal monopole is analyzed. The suppression of the inevitable mutual coupling is achieved by using defected ground structures. A spiral shaped slot is introduced on the fractal geometry to widen the impedance bandwidth. The antenna has a better tradeoff in terms of return loss and isolation for the UWB range. In addition, the antenna shows good diversity and gain performance as compared to the UWB MIMO antennas reported in literature.
